We studied about 3400 presolar silicon carbide (SiC) grains from the Murchison CM2 meteorite for C-and Siisotopic compositions. Among these grains we identified 7 unusual or type C SiC (U/C) grains, characterized by isotopically heavy Si, and 36 supernova type X SiC grains, characterized by isotopically light Si. Selected U/C and X grains were also measured for S-, Mg-Al-, and Ca-Ti-isotopic compositions. We show that the U/C grains incorporated radioactive 44 Ti, which is evidence that they formed in the ejecta of Type II supernova (SNII) explosions. Abundances of radioactive 26 Al and 44 Ti are compatible with those observed in X grains. U/C and X grains carry light S with enrichments in 32 S of up to a factor of 2.7. The combination of heavy Si and light S observed in U/C grains is not consistent with abundance predictions of simple supernova models. The isotope data suggest preferential trapping of S from the innermost supernova zones, the production site of radioactive 44 Ti, by the growing silicon carbide particles. A way to achieve this is by sulfur molecule chemistry in the still unmixed ejecta. This confirms model predictions of molecule formation in SNII ejecta and shows that sulfur molecule chemistry operates in the harsh and hot environments of stellar explosions.
INTRODUCTION
Sulfur is the tenth most abundant element in the cosmos (Lodders 2003) . It has four stable isotopes, 32 S, 33 S, 34 S, and 36 S with abundances of 95%, 0.75%, 4.2%, and 0.015%, respectively, which are produced mainly in massive stars and expelled into the interstellar medium (ISM) when these stars explode, e.g., as Type II supernovae (SNeII; Timmes et al. 1995) . Sulfur forms a variety of molecules that are important for many chemical and physical processes in diverse environments. Sulfur-bearing molecules are observed in the ISM (Tielens 2005) and around low-and intermediate-mass stars, e.g., the carbon star IRC + 10216 (Kahane et al. 1988) . A large amount of S molecules are also predicted by models of molecule formation in Type II supernova (SNII) ejecta (Cherchneff & Dwek 2009) . In this work, we give the first observational evidence, based on the study of so-called presolar grains, that the S molecule formation takes place in the harsh, hot (temperatures of several 1000 K) environment of stellar explosions.
Presolar grains are samples of stardust that are found in small quantities in primitive solar system materials, such as meteorites, interplanetary dust particles, and cometary matter (Zinner 2007) . They formed in the winds of evolved stars or in the ejecta of stellar explosions. After passing through the ISM they became part of the gas and dust cloud from which our solar system formed some 4.6 Gyr ago and survived all stages of solar system formation. Laboratory studies of presolar grains provide detailed insights into physical and chemical processes in stellar environments. Presolar grains exhibit large isotopic anomalies in the major and minor elements, preserving the nucleosynthetic signature of their parent stars. Among the identified presolar minerals is silicon carbide (SiC). It is well established that most presolar SiC grains formed in the winds of 1-3 M asymptotic giant branch stars (Lugaro et al. 2003 −3 and 1. Although certain problems exist, many isotopic signatures of X grains can be well reproduced by socalled ad hoc SNII mixing models. In this approach, matter from different SNII zones is mixed in variable proportions, with the proportions of different elements from a given zone remaining the same, i.e., no elemental fractionation is assumed (e.g., Travaglio et al. 1999; Hoppe et al. 2000) .
An SNII origin has also been proposed for SiC grains with isotopically heavy Si (excesses in 29 Si of more than 25%; Amari et al. 1999; Croat et al. 2010; Gyngard et al. 2010a; Hoppe et al. 2010; Zinner et al. 2010) . These rare grains have been named "unusual" (Hoppe et al. 2010) or "Type C" (Gyngard et al. 2010a ; in the following designated as U/C grains) and are found predominantly among the smallest, i.e., submicrometersized, grains. Like X grains, they have higher than solar 12 C/ 13 C (most grains) and lower than solar 14 N/ 15 N ratios. Two of them were shown to carry large enrichments in 32 S (Gyngard et al. 2010a; Hoppe et al. 2010) . Their C-, N-, Si-, and S-isotopic signatures point toward an SNII origin. However, the presence of heavy Si together with light S in SNII grains poses a fundamental problem. Silicon-and S-isotopic signatures (isotopically heavy or light) are the same in the different SNII zones (Figure 1 ; Rauscher et al. 2002) and ad hoc mixing scenarios that reproduce the heavy Si in U/C grains predict heavy S as well. Thus, the (Rauscher et al. 2002) . The eight SN zones are designated at the top of the figure. Qualitatively, S and Si isotope signatures (i.e., light/heavy) are the same in the different SN zones. The only zone that has light Si and S is the Si/S zone (marked in gray). Titanium-44 is produced only in the interior Ni and Si/S zones.
combination of heavy Si with light S in U/C grains cannot be explained by simple ad hoc mixing models based on the SNeII considered here (i.e., mixing without any element fractionation of material from a given zone).
Here we present results of comprehensive isotope studies on new X and U/C grains aimed at (1) obtaining a definitive proof of the proposed SN origin of U/C grains and (2) understanding the S-isotopic signature of SN dust and its importance for chemical and physical processes in SNII ejecta.
EXPERIMENTAL PROCEDURES
The SiC grains of this study were separated from a 30 g sample of the Murchison CM2 meteorite (Besmehn & Hoppe 2003) , following the technique described by Amari et al. (1994) . Thousands of SiC grains were deposited from liquid suspension onto several clean Au foils, one of which (sample "Muri7," abbreviated here as "M7") was used for the present study. Areas suitable for ion imaging (see below) were selected in the Leo 1530 field emission SEM at the Max Planck Institute for Chemistry in Mainz.
The search for SiC grains with large excesses in the heavy Si isotopes was done by ion imaging with the Cameca NanoSIMS 50 ion probes at Max Planck Institute for Chemistry (Gröner & Hoppe 2006) and Washington University (Gyngard et al. 2010b ). Prior to ion imaging the analyzed areas were cleaned and implanted with Cs for several minutes by pre-sputtering with a high-current Cs + ion beam. The application of ion imaging to SiC grain mounts consists essentially of three steps: (1) (1)-(3). A total of 99 (MZ) and, respectively, 464 (WU) areas were analyzed in this way on which ∼3400 presolar SiC grains were measured. Among these grains we identified 7 U/C grains and 36 X grains.
Five U/C grains and twenty-two X grains were subsequently re-analyzed for C-and Si-isotopic compositions by acquiring high-resolution images (3 × 3 µm 2 , 128 × 128 pixels, 10,000 µs pixel −1 , otherwise the same setup as for automated ion imaging) to exclude contributions from other attached or nearby SiC grains to the C and Si ion signals from the selected grains. Sulfur-isotopic compositions were measured on these 27 grains by recording 28 Si − , 32 S − , 33 S − , and 34 S − ions with a similar analysis setup as for the high-resolution C and Si imaging (1.5-3 × 1.5-3 µm 2 , 128 × 128 or 256 × 256 pixels, 3000-10,000 µs pixel −1 , 2-17 image planes). In addition, we measured Mg-Al-and Ca-Ti-isotopic compositions in the two largest U/C grains. These measurements were performed by rastering (256 × 256 pixels, 10,000 µs pixel Si. Instrumental mass fractionation and variations in the detection efficiencies of the different electron multipliers for the isotope measurements were corrected by measurements on synthetic, fine-grained SiC (C, Si, and also S, which is present in sufficiently high quantities), S-rich material (contamination) on the M7 mount, Burma spinel (Mg-Al), and perovskite (Ca-Ti). The relative sensitivity factor ε(Al + )/ε(Mg + ) = 1.56, needed to infer initial 26 Al/ 27 Al ratios, was taken from Hoppe et al. (2010) and ε(Ti + )/ε(Ca + ) = 0.51, needed to infer the initial 44 Ti/ 48 Ti ratios, was taken from Besmehn & Hoppe (2003) . Trace element abundances given in Table 1 have been calculated with the sensitivity factors ε(Al + )/ε(Si + ) = 4.0 (Hoppe et al. 2010) , ε(Ti + )/ε(Si + ) = 4.2 (Besmehn & Hoppe 2003) , and ε(S − )/ε(Si − ) = 3; the latter was estimated from measurements of Si and S ion yields on synthetic SiC and Mundrabilla FeS, respectively.
RESULTS AND DISCUSSION
The isotope data of the five U/C grains (M7-A. . .E) and of one X grain (M7-X18) are given in Table 1 . Silicon isotope data of the five U/C grains and of seven X grains that have errors of less than 150‰ in δ 33 S (see below) are displayed in Figure 2 . All U/C grains exhibit overabundances in 32 S (or corresponding depletions in 33,34 S), especially grains M7-C and M7-D, which show depletions in the 33 S/ 32 S and 34 S/ 32 S ratios of more than a factor of two (Figure 3 ). Contamination by S on or in very close proximity of individual SiC grains complicated these measurements and the data of grains M7-A, M7-B, and M7-E are likely to be affected by contributions of terrestrial S, i.e., intrinsic S-isotopic anomalies might be more extreme. The problem of S contamination turned out to be even more severe for X grains. For six X grains the S signal was clearly dominated by contamination, as evidenced from the spatial distribution of S and Si in the ion images. For the remaining 16 X grains the problem was less severe, though still present. Nevertheless, in (Figure 4) . The detection of now extinct 44 Ti, which can be produced only in SN explosions (Woosley et al. 1973; Timmes et al. 1996) , is definitive proof of the SNII origin of U/C grains. This is in line with conclusions previously drawn for SiC X and SN graphite grains (Hoppe et al. 1996; Nittler et al. 1996) and an SN spinel grain (Gyngard et al. 2010b) .
About one-third of sub-micrometer-sized X grains (Hoppe et al. 2010) as well as two of the U/C grains from this study show isotopic enrichments in 13 C, i.e., 12 C/ 13 C ratios lower than the solar ratio of 89. Heavy C can be explained by ad hoc SNII mixing models if comparatively large contributions from the outer He/N and H zones are considered. U/C grain M7-E has a particularly low 12 C/ 13 C ratio and its 12 C/ 13 C ratio of 1.3 is lower than the lowest achievable 12 C/ 13 C of ∼3 in the He/N and Ni zones of SNII models (Rauscher et al. 2002) . A possible mechanism to account for very low 12 C/ 13 C ratios in certain SNII zones may be rotational mixing. The effect of rotation on the production of C and N isotopes in pre-SN stars was explored by Langer et al. (1998) . These authors found that rotational-induced mixing may produce a 13 C-rich layer just below the H-burning shell (He/N zone). As pointed out by Nittler & Hoppe (2005) , a contribution from this 13 C-rich layer to the SiC condensation site in the SNII ejecta provides a plausible explanation for SNII grains with very low 12 C/ 13 C ratios. However, the currently available one-dimensional stellar models including rotation still have serious limitations and it remains to be seen whether the results from improved, multidimensional models will lead to similar conclusions.
The finding of now extinct 44 Ti in U/C grains shows that these grains incorporated matter from the Si/S and possibly Ni zone. The measured C-and Si-isotopic compositions as well as the 26 Al/ 27 Al and 44 Ti/ 48 Ti ratios of grains M7-C and M7-D can be very well matched by ad hoc mixing of layers predicted by the 15 M SNII model of Rauscher et al. (2002) , with most matter coming from the outer H-and He-rich zones (He/C, He/N, H; total contribution 96%-97%) and small contributions from the intermediate O-rich (3%-4%) and the inner Ni/Si/S-rich zones (0.1%-0.2%). However, the S-isotopic ratios cannot be reproduced by these mixing scenarios and predicted 34 S/ 32 S ratios are by factors of 5-6 too high. A similar conclusion is derived from the solar-metallicity 25 M SNII model of Rauscher et al. (2002) . Nevertheless, we note that SNII models are still afflicted with large uncertainties concerning the yields of specific nuclides, e.g., due to the interaction between the internal shells before core collapse (Arnett & Meakin 2011) or due to the effect of neutrino-driven winds on SNII nucleosynthesis (Roberts et al. 2010) . In the context of the 15 M SNII model of Rauscher et al. (2002) considered here the only plausible solution to the S problem of the U/C grains is fractionation between Si and S in the contributions from different SNII zones. We propose that in order to account for the observed S-isotopic compositions of grains M7-C and M7-D, S from the Si/S zone was captured by the growing SiC grains about 40-50× more efficiently than S from the other zones.
A way to achieve this is by molecule chemistry in SNII ejecta. Molecules such as CO and SiO have been observed in the ejecta of SN1987A (Wooden et al. 1993) . Molecules are important for the pathways of dust formation and the dissociation of CO by energetic electrons produced by radioactivity has been considered to be a key factor for the growth of carbon particles in SNII ejecta (Clayton et al. 1999) . According to models of chemical kinetics in SNeII from zero-metallicity progenitor stars, a large amount of molecules are expected to form in the ejecta (Cherchneff & Dwek 2009) . The amount and the molecule species depend sensitively on the mass and metallicity of the progenitor star, the SNII nucleosynthesis model used as an input, and the degree of mixing. In any case, S molecules are predicted to be important constituents of the ejecta. For a 20 M SNII (zero-metallicity progenitor) without mixing, about 7% of all matter is predicted to be in the molecular form (Cherchneff & Dwek 2009 ). The most abundant species are SiS, which forms efficiently in ejecta from the Ni/Si/S zone, and O 2 , CO, and SO from the O-rich zones. One thousand days after explosion, SiS is predicted to make up about 1% of all ejected matter. It starts forming efficiently after ∼200 days (when temperatures dropped to ∼5000 K). It is absent in material from the zones on top of the Ni/Si/S core. Sulfur monoxide, on the other hand, starts to form in significant amounts, although less abundant than SiS from the Ni/Si/S zone, in the O-rich ejecta after ∼350 days (Cherchneff & Dwek 2009 ). Our data suggest that molecule formation occurs in largely unmixed ejecta, followed by macroscopic mixing (e.g., due to Rayleigh-Taylor instabilities; Kifonidis et al. 2003) and finally the growth of SiC particles. Under equilibrium conditions, SiS plays an important role in the formation of SiC (Lodders & Fegley 1995) . It is thus conceivable that S is captured by the growing SiC particles as SiS while uptake of S from other zones, either bound in SO or as elemental S, is strongly suppressed. At the same time, Si is incorporated from other zones as well. Because X grains are 28 Si-rich (Figure 2 ), which suggests a stronger contribution from the Si/S zone compared to U/C grains, one would expect to find even larger 32 S enrichments in X than in U/C grains. However, X grains show milder 32 S enrichments than U/C grains ( Figure 3 ). As we have pointed out, S contamination is a serious and unavoidable problem which might have lowered intrinsic S isotope anomalies to varying degrees. Indeed, it is possible that in X grains the invoked S fractionation for U/C grains is smaller and intrinsic S concentrations lower. Therefore, the finding of 32 S enrichments in X grains in addition to U/C grains lends strong support to the conclusion that U/C grains have preserved a record of S molecule chemistry in their parent SNII ejecta.
Sulfur molecule chemistry in SNII ejecta may also offer a solution for the yet unexplained Fe isotope signatures of X grains (Marhas et al. 2008 ). Similar to Si and S in U/C grains it is not possible to account for the combination of observed Si-and Fe-isotopic compositions in X grains by ad hoc SNII mixing. Iron in X grains is characterized by solar 54 Fe/ 56 Fe and higher than solar 57 Fe/ 56 Fe ratios. The light Si of X grains requires significant contributions from the Si/S zone, which should lead to higher than solar 54 Fe/ 56 Fe ratios, contrary to the observation. The Fe-isotopic signature of X grains can be explained by preferential trapping of Fe from the He/C and He/N zones over Fe from the Si/S zone. A fractionation factor of >10 is required to account for the observed Fe-isotopic signatures. By forming FeS dust or FeS molecule cluster in ejecta from the Ni/Si/S zone it might be possible to largely prevent Fe from the Si/S zone to be trapped by the growing SiC grains. This idea is supported by models of molecule and dust chemistry in SNII ejecta that predict formation of significant amounts of FeS molecule clusters, the precursors of FeS dust, in the inner Ni/Si/S zone of unmixed SNII ejecta (Cherchneff & Dwek 2010) . While in the zero-metallicity progenitor 20 M star considered by Cherchneff & Dwek (2010) , 44% of Fe from the Ni/Si/S zone is predicted to be in (FeS) 4 clusters, this fraction reaches 80% in models of molecule formation based on the solarmetallicity 15, 20, and 25 M SNII models of Rauscher et al. (2002) (I. Cherchneff 2011, private communication) . Such large fraction of (FeS) 4 clusters could provide a valuable scenario to explain the Fe isotope data of X grains.
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